The terminal nephron segment, the inner medullary collecting duct (IMCD), absorbs Na+ by an electrogenic process that involves the entry through an apical (luminal) membrane Na+ channel. To understand the nature of this Na+ channel, we employed the patch clamp technique on the apical membrane of primary cultures of rat IMCD cells grown on permeable supports. We found that all ion channels detected in the cell-attached configuration were highly selective for Na+ (Li') over K+. The open/closed transitions showed slow kinetics, had a slope conductance of 6-11 pS, and were sensitive to amiloride and benzamil. Nonselective cation channels with a higher conductance (25-30 pS), known to be present in IMCD cells, were not detected in the cell-attached configuration, but were readily detected in excised patches. The highly selective channels had properties similar to the recently described rat epithelial Na + channel complex, rENaC. We therefore asked whether rENaC mRNA was present in the IMCD. We detected mRNA for all three rENaC subunits in rat renal papilla and also in primary cultures of the IMCD. Either glucocorticoid hormone or mineralocorticoid hormone increased the amount of a-rENaC subunit mRNA but had no effect on the mRNA level of the 8-rENaC or y-rENaC subunits. From these data, taken in the context of other studies on the characteristics of Na+ selective channels and the distribution of rENaC mRNA, we conclude that steroid stimulated Na + absorption by the IMCD is mediated primarily by Na + channels having properties of the rENaC subunit complex. (J. Clin. Invest. 1995. 96:2748-2757
Introduction
As the final structure capable of altering the composition of the urine, the renal inner medullary collecting duct (IMCD)1 plays 1 . Abbreviations used in this paper: IMCD, inner medullary collecting duct; CCD, cortical collecting duct; ISc, short-circuit current; MC, mineralocorticoid; GC, glucocorticoid; GAPDH, glyceraldehydephosphate dehydrogenase.
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Volume 96, December 1995 December , 2748 December -2757 an important role in the final regulation of Na' excretion and thus overall Na' homeostasis. The major rate limiting step in overall transepithelial Na' transport by the IMCD is the entry of Na+ across the apical (luminal) membrane through a Na+ channel. Steroid hormones such as aldosterone enhance Na+ transport through this channel (1) (2) (3) .
The nature of the Na+ channel residing in the apical membrane of the IMCD is not clear. There are at least three classes of epithelial Na+ channels based on their single channel characteristics (4, 5) . One class is highly selective for Na' over K+ and has a single channel conductance of 5-10 pS. Another type does not select for Na+ over K+ and has a single channel conductance of 25-30 pS . A third type has intermediate charac- teristics. All three types can be inhibited by amiloride (4) .
Some investigators have proposed that the predominant Na+ channel is nonselective to cations (6) (7) (8) . Three features support this contention. First, nonselective cation channels are present in excised patches of cultured rat IMCD cells. Second, they can be inhibited by amiloride (7, 9) , a characteristic of Na' transport across the apical membrane of both cultured and native IMCD (1, 10) . Third, the channels' activity can be inhibited by cGMP (8) . This feature makes the nonselective cation channel an attractive target for inhibiting transepithelial Na' transport by atrial natriuretic peptide (6, (11) (12) (13) (14) .
However, other investigators have proposed that the nonselective cation channel may not be the major pathway for Na' absorption by the IMCD, at least under normal conditions. First, the nonselective nature of the channel should permit some degree of K+ secretion, but under normal conditions K + secretion is minimal or absent ( 1, 15, 16) . Second, electrogenic (i.e., ion channel mediated) Na' transport is confined to the distal nephron segments such as the collecting duct. However, non-selective cation channels can be detected in most nephron segments ( 17 ) . Third, the regulation of the nonselective cation channel in the IMCD suggests that it is not active under normal physiologic conditions. Activity in an excised patch requires a cytoplasmic
[Ca2+] of 1 pM or greater (9, 18) , a concentration that is larger than would normally be found in most cells. Furthermore, its activity is inhibited by physiologic concentrations of ATP (9, 18) .
Recently, several investigators have expressed Na+ channel activity in oocytes (19) (20) (21) (22) (23) (24) (25) and have cloned 3 cDNA molecules from the rat (a-, /-, and y-rENaC) and human that appear to be integral parts of a highly selective Na+ ion channel. Na+ channels produced by expressing these three rENaC subunits in oocytes (20) have single channel characteristics similar to Na+ selective channels from the renal cortical collecting duct (CCD) and cell models thereof (5, (26) (27) (28) (29) (30) . They are highly selective for Na+ (and Li') over K+, remain open or closed for relatively long periods of time (often more than 500 ms), and have single channel conductances of 4-10 pS (depending on the conditions of measurement).
Three lines of evidence indicate that the rENaC complex represents an important target for steroid hormones such as aldosterone. First, Na+ channels from apical membranes of aldosterone stimulated epithelial cells have single channel characteristics similar to the expressed rENaC complex (20, 26, 29, 31) ; aldosterone increases the number of these channels (29, 31) . Second, the known target tissues for steroid stimulated Na+ transport (descending colon, lung, and CCD) contain mRNA for all three subunits (20, 24, 25, 32) . Third, steroid hormones added to cell culture models increase the abundance of (at least) the a subunit mRNA (33, 34) , and a low Na' diet, given to animals to increase circulating aldosterone, increases (at least) y-rENaC mRNA in the colon (22 3 at which time hydrocortisone, norfloxacin, and albumin were removed. For monolayers to be studied by patch clamp, 100 nM aldosterone and 100 nM dexamethasone were added on day 3 and were present continuously to ensure optimal Na + transport. In addition to the steroids, 1 mM 4-methylumbelliferyl-D-xyloside and 2.5 mM D(+)-galactosamine were added. We have found that these compounds greatly enhance the rate of seal formation (36) , probably due to their ability to inhibit proteoglycan synthesis (37, 38) . Pilot studies have shown that they do not alter the qualitative response of the IMCD monolayers to steroids and that they retain their sensitivity to benzamil (data not shown).
For monolayers where the effect of steroid treatment was to be examined, steroid exposure was initiated on day 4 or 5 so that cells had at least 24 h. of steroid-free incubation. Mineralocorticoid (MC) treatment consisted of 100 nM aldosterone and 10 ILM of the glucocorticoid receptor antagonist RU 38486. Glucocorticoid (GC) treatment consisted of 100 nM dexamethasone and 10 uM of the mineralocorticoid receptor antagonist spironolactone ( 1, 39) . Control monolayers received only the carrier (ethanol).
The transmonolayer Isc and transepithelial resistance measurements were made in a modified Ussing chamber as previously described (1, 2, 36) on the day the cells were to be used. For each isolation used for mRNA analysis, parallel cultures were made in the large and the small Millicell filters. The large filters were used for RNA isolation and the small filters used for the electrical measurements to be sure that the values were typical of those we have previously reported (1, 2, 35, 36 (40) . Cell-attached patches were used to detect channel activity in intact cells. These patches were sometimes excised to create inside-out patches where the cytoplasmic surface was exposed to the bath solution. We also used the outside-out configuration to examine the effect of Na+ channel blockers. This configuration was achieved by first obtaining an acceptable seal, applying suction to rupture the patch, and pulling the pipette slowly away from the cell so that a portion of the cell membrane would reseal such that the extracellular surface faced the bath solution.
Command voltages were generated and membrane currents were acquired with formamide, 10% formaldehyde, and 15 mM NaH2PO4 (pH 6.5) at 650C for 5 min. The gel-loading buffer consisted of 50% glycerol, 1 mM EDTA, 100 mM NaH2PO4 (pH 6.5) and 0.25% bromphenol blue was added (to 0.1 volume), and ethidium bromide was added to a final concentration of 0.03 mg/ml. The samples were fractionated by electrophoresis through a 1.5% agarose/6.6% formaldehyde gel buffered with 10 mM NaH2PO4 (pH 6.5) using a Hoefer HE-99 horizontal submarine unit (Hoefer Instruments, San Francisco, CA) at 100 V for 90 min. at 18-20°C. The gel was photographed under ultraviolet light for subsequent analysis by densitometry. The RNA was then transferred onto nylon (Hybond N; Amersham, Arlington Heights, IL) by capillary transfer in lOx standard saline citrate (SSC) and UV crosslinked (UV Stratalinker; Stratagene, La Jolla, CA). Blots were prehybridized and hybridized in a buffer containing 1% bovine serum albumin (BoehringerMannheim), 1 mM EDTA, 500 mM NaH2PO4 (pH 7.2), and 7% sodium dodecyl sulfate (SDS) according to Church and Gilbert (43) .
The fragments of cDNA used to probe the blot were amplified by polymerase chain reaction from rat kidney cDNA (Clontech, Palo Alto, CA). The a subunit was a 959-bp segment obtained using PCR with primers designed from the published cDNA sequence ( 19) as previously reported (24) . ,B and y subunit fragments were generated by PCR using degenerate primers designed from the published amino acid sequences (20) as previously described (25) . The y fragment (1224 bp) was subcloned into pCRII (Invitrogen) and used as a probe for these studies. The ,B fragment was generated by PCR as previously described (25) and was extended by 3' rapid amplification of cDNA (GIBCO-BRL) using the primer 5 '-GACTGAATTTGGGTCTTCAAGTTGATCCT-3' to give a 1500 bp cDNA which was subcloned into pCRII.
Each subunit probe was excised from the cloning vector using the appropriate restriction endonuclease and gel purified using Geneclean (Bio 101, Vista, CA). The probes (100 ng) were radiolabeled with [a-32P]dCTP (3000 Ci/mmole) using a random prime DNA labeling kit (Boehringer-Mannheim). Each reaction was column purified using Sephadex G-50 (Pharmacia, Piscataway, NJ) and specific activity ascertained (-109 cpm/pg). The hybridization solution contained -108 cpm in a total volume of 20 ml. After an overnight hybridization at 65°C, the membranes were washed twice in 2x SSC and 0.1% SDS at 65°C for 15 min. and then twice in 0.5x SSC and 0.1% SDS at 65°C for 30 min.
After hybridization, autoradiography was performed at -85°C for 3-18 d using Kodak XAR-5 film (Eastman Kodak, Rochester, NY) and Cronex Lightning Plus® intensifying screens (DuPont-NEN, Wilmington, DE). The autoradiograms were quantitated with a PDI scanning densitometer using Quantity One software (Huntington Station, NY). The exposure time of the autoradiograms was adjusted so that the density of each of the bands on a given gel fell into the linear range of the instrument.
After quantitating the amount of rENaC subunit mRNA in the cultured IMCD cells, each blot was reprobed with a random-primed 316-bp cDNA probe for rat glyceraldehydephosphate dehydrogenase (GAPDH) using the same conditions described for the rENaC subunits. The blots were autoradiographed for 1-3 d (without intensifying screens) and quantitated. These values were used to normalize for variations in the amount of RNA loading. There was no effect of steroids on GAPDH 
Results
Properties of single ion channels in cell-attached patches. Fig.   1 shows an example of the type of channel activity we observed in the cell-attached patch configuration. A characteristic feature was the relatively slow kinetics with long-lived openings and closings. Channels with these properties were observed in 7% of acceptable seals (Table I ). The current-voltage (I-V) rela- tionship compiled from six patches is shown in Fig. 2 and demonstrates inward rectification (dotted line), consistent with a channel whose permeant ions are present at high concentrations in the pipette but low in the cell (44 between -80 and +40 mV (Fig. 3) , an observation similar to the Na + channel in rat CCD (27) , rabbit CCD (26), and rENaC expressed in oocytes (20) . Fig. 4 . The average mean open time values for these three were 280, 406, and 666 ms. The mean closed time analysis showed two states with longer values of 525, 627, and 892 ms. and a shorter value of < 10 ms (Fig. 4 B) .
In order to examine the sensitivity to amiloride and benzamil, we used the outside-out configuration. The advantage of this approach is that one can change the bath solution more easily than the pipette solution and thus improve the probability of demonstrating recovery. Another advantage is that outsideout patches usually have a larger membrane area than cellattached patches and therefore there is a higher probability of detecting channel activity. Fig. 5 shows the results of an experiment in which amiloride (1 IM) reversibly reduced the mean current and produced the typical flickering block demonstrated by other investigators for Na' selective channels (26, 28, 47) .
After removing amiloride and allowing channel activity to recover, we added benzamil, a more specific inhibitor of Na' selective channels (5) . Benzamil inhibited virtually all channel activity.
Nonselective cation channel. The characteristics of the channel shown in Figs. 1-5 are quite different from those of the non-selective cation channel previously proposed to be responsible for Na+ entry across the apical membrane of the IMCD (6, 7, 48) . We never observed non-selective channels in cell-attached patches (Table I) . However, to determine if these IMCD cells contained non-selective cation channels, we studied excised apical membrane patches because the properties of nonselective cation channels in IMCD cells have usually been studied in this configuration (6, 7, 9, 48) . We excised patches only if they had no detectable channel activity while cell-attached (with one exception, vida infra). Upon excision (into a high Ca bath to ensure detection), non-selective channels appeared in 24% of the patches (Table I) . A characteristic tracing is shown in Fig. 6 . The I-V relationship for this type of channel was linear (Fig. 7) . When excised into the bath solution (140 mM NaCl), the single channel conductance was 30.1 pS. When the bath was changed to one containing 140 mM K+ aspartate, the single channel conductance was 26.5 pS and the Eev (after correction for the liquid junction voltage) did not change. Thus the permeabilities of Li', K+, and Na+ were similar.
The difference between the non-selective cation channel and the low conductance Na+ selective channel was highlighted in a single experiment (Fig. 8) . We observed an active, Na+ selective channel in the cell-attached configuration. After the patch was excised into the standard bath solution, the selective channel maintained its activity, and another channel became active. The newly activated channel had the characteristics of the nonselective cation channel. This experiment shows that these two types of channel can coexist under identical conditions in the same patch.
rENaC mRNA in inner medulla and regulation by steroid hormones. The characteristics of the Na+ selective channel in the apical membrane are similar to those reported for rENaC expressed in oocytes ( 19) . In order to determine if rENaC might be responsible for the channel activity, we first asked whether rENaC subunit mRNAs were present in the renal inner medulla. Northern blot analysis on RNA isolated from renal cortex, outer medulla, and inner medulla showed that all three subunit mRNAs were detected in all regions (Fig. 9) . Each probe identified a message of different size corresponding to that reported by Canessa (20) . The cortex appeared to have the highest relative abundance of all three subunits when normalized for the amount of RNA loaded as estimated by the intensity of the ethidium bromide stain of the 28 s ribosomal band.
Because steroid hormones increase Na+ transport by the IMCD ( 1, 2) , we asked whether they increase the amount of rENaC subunit mRNA. Fig. 10 shows a representative set of Northern blots using RNA isolated from primary cultures demonstrating the effects of either GC or MC on the abundance of each of the subunit mRNAs after 3, 8, or 24 h. of steroid exposure. Fig. 11 shows the densitometric quantitation of all the blots. There was no effect of either GC or MC on the ,6 or y subunit mRNA. In contrast, GC increased the a subunit mRNA abundance an average of 6.9-fold and MC increased the abundance an average of 4.6-fold.
Discussion
We conclude that rENaC is the predominant channel responsible for Na + absorption in the rat IMCD based on three observations. First, the type of channel we detect in the apical membrane in the cell-attached configuration (Fig. 1) has characteristics similar to those detected when rENaC is expressed in oocytes (20) . Second, mRNA for each of the three rENaC subunits is present in the renal papilla (Fig. 9 ) and in primary cultures of IMCD cells (Fig. 10) . Third, steroid hormone exposure increases Na+ transport by the IMCD (1, 2) and the abundance of a-rENaC mRNA (Fig. 11) .
Characteristics of the apical membrane Na + channel. Our results are the first to demonstrate highly selective Na t channels in the apical membrane of the IMCD cells. At least 3 other groups of investigators have studied single channels in IMCD cell membranes; all have reported non-selective cation channels (7, 9, 18) . We attribute the difference in these results to at least three factors. The first factor is the patch configuration. With few exceptions, (Figs. 6 and 8) we studied Na+ selective single channels while cell-attached. It is possible that highly selective Na+ channels are less active and more difficult to detect after excision while nonselective cation channels are more readily detected. The second factor is the temperature. By using nearly physiologic temperature (35°C), instead of room temperature, we may have encouraged a relatively greater channel activity. The third factor is the nature of the preparation. Whereas others have studied IMCD cells grown on plastic or glass, we grew the cells on filters. Hamilton and Eaton (49) have reported that A6 cells grown on filters have more highly selective Na+ channels than cells grown on plastic. It is possible that epithelial cells grown on solid supports have a less-well differentiated apical and basolateral membrane, thus adding to the difficulty in detecting highly selective Na+ channels. An additional advantage to growing the cells on filters is that we document the presence of a representative ISc in each monolayer studied. With this measurement we can be sure that Na+ channels are present in the apical membrane of at least some cells.
The single channel properties of the selective Na+ channel of the IMCD are similar to those of rENaC expressed in oocytes (20, 50) . Both ( Fig. 4) , similar single channel conductances with Li+ in the pipette (Fig. 2) , high selectivity for Na+ (Fig. 2) , and PO values that are relatively insensitive to membrane voltage (Fig. 3) . These similarities provide good, but not irrefutable, evidence that rENaC is the predominant Na' channel in the IMCD cell. Differences in experimental conditions, differences in the expressing cell (oocyte vs. rat IMCD), and sampling errors owing to limited numbers of channels reported in oocytes (20) might produce fortuitous similarities. However, there is good evidence that these similarities are not just coincidental. At least four other tissues have highly selective apical membrane Na+ channels with these properties; CCD principal cells from salt-deprived rats (27, 28) , aldosterone treated primary cultures of rabbit CCD (26), Ambystoma collecting duct (47) , and aldosterone treated A6 cells (29) .
Comparison of the characteristics of rat CCD and IMCD Na+ selective channels is relevant and instructive. Both are permeant to Li + (27) , both are amiloride sensitive (28, Fig 5) , both tend to occur in multichannel clusters (28, Fig. 1 voltage (27, Fig. 3 ), and both have single channel conductances of 11.1 pS with Li+ in the pipette at hyperpolarizing voltages (27, Fig. 2 ......................I..................... ' ' -. . 1 '' Fig. 4 ). The tendency to find highly selective Na+ channels in clusters is also characteristic of A6 cells and rabbit CCD cells in culture (26, 29) . Furthermore the kinetic analysis of these Na+ selective channels after aldosterone exposure shows the characteristic long open times and two closed states. We interpret these data to suggest that the highly selective Na' channel in each of these preparations represents the same molecular complex. The presence of mRNA for each of the three rENaC subunits in the rat CCD (32) and the IMCD (Fig. 10) (32) reported that all three subunits of rENaC were detected by in situ hybridization and immunocytochemistry in the rat CCD and outer medullary collecting duct, but not in the IMCD. They proposed two possible explanations for this heterogeneity; the Na' channel in the IMCD might be another molecule, or rENaC might not be detected because of low abundance or another technical reason. Our results suggest that a major reason for their results is the low abundance. The Northern blots of the three regions of the kidney (Fig. 9) show that the cortex had the greatest amount of mRNA for all three rENaC subunits when normalized for differences in loading using the density of the 28 s ribosomal band. Since the relative mass of collecting duct cells is lowest in the cortex and highest in the medulla (51 ), we conclude that the IMCD contains less rENaC mRNA per unit tubule length than does the collecting duct from the cortex or the outer medulla.
This difference in subunit mRNA abundance between the CCD and the IMCD compares to axial differences in Na' transport capacity along the collecting duct as assessed using freshly dissected, perfused tubules. Whereas the CCD dissected from rats (or rabbits) pretreated with MC agonists transport large amounts of Na' (52) (53) (54) (55) , the IMCD dissected from similarly treated rats (10, 56) or hamsters (57) transports small amounts of Na'. This decline in maximum Na+ transport capacity (at least in the rabbit) begins in the outer medullary collecting duct (52) . Thus the intrinsic capacity to transport Na' as a function
of axial position appears to correlate with the abundance of the subunit mRNA along the length of the collecting duct. Implications of rENaC mRNA regulation for epithelial Na + transport. Stimulation of the a-rENaC subunit mRNA by steroids (Fig. 11) has also been reported in the lung (21, 34 (Fig. 11) . The simplest explanation for these differences is that the IMCD contains mineralocorticoid receptors and the distal fetal lung does not. The observation that GC and MC increase the abundance of a-rENaC mRNA but not /-rENaC or y-rENaC mRNA (Fig.  11) , suggests that the transcriptional regulation of the a-rENaC subunit, or perhaps a post transcriptional modification of arENaC mRNA, might be a rate-limiting step in the production or assembly of a fully functional Na' channel. This analysis
has not yet been completed on other subunits in the lung, but the effect of GC on a-rENaC mRNA levels is consistent with this possibility.
Despite the fact that both the lung and the IMCD increase the levels of a-rENaC mRNA in response to steroids, not all cells expressing steroid-responsive epithelial Na+ channels behave identically; the colon, for example, appears to be different. In an effort to elevate circulating levels of aldosterone by the physiologic maneuver of NaCl restriction, Lingueglia et al. (22) have reported no effect on the abundance of a-rENaC mRNA in colon. Rather, there was an increase in the abundance of y- ized to the GAPDH signal and defined as unity. n = 3, 2, and 3 sets respectively for alpha, beta, and gamma subunits. There was no significant effect of GC or MC on relative beta or gamma subunit abundance. There was a strong effect of both GC and MC on the alpha subunit (P < 0.0001). The effect of GC was greater than MC (P < 0.001) and there was no significant effect of time on the action of either GC or MC (by ANOVA). rENaC mRNA. The simplest explanation for these observations is that the steroid effect on rENaC subunit mRNA is tissue specific. An alternative possibility is that NaCl restriction produces a more complex sequence of physiologic events than just raising circulating aldosterone concentrations. Of course, these possibilities are not mutually exclusive.
What are the implications of having rENaC in both the CCD and IMCD for normal Na+ and K+ homeostasis? In the CCD, Na+ absorption is linked to K+ secretion and both processes are increased by aldosterone. This linkage occurs because the CCD principal cell apical membrane has both rENaC and K+ channels which direct K+ into the lumen (58) . In contrast to the CCD, the IMCD does not have significant apical K+ channel activity and thus normally secretes little K+. It is conceivable that different local factors determine the responsiveness of the CCD and the IMCD to aldosterone (59) . A relatively more responsive CCD would produce an antinatriuresis and a kaliuresis while a relatively more responsive IMCD would produce an antinatriuresis without a kaliruesis.
The recent discovery that Liddle's syndrome is caused by
